Aim The aim of this article is to present the results of an imaging study of myocardial apoptosis induced by ischemia/reperfusion injury. Methods Twenty nude mice were randomly divided into an experimental group (10 mice) and control group (10 mice). In the experimental group, myocardial apoptosis was induced by ligation of the left anterior descending coronary artery (LAD) for 30 min. This was followed by reperfusion for 90 min. In the control group, the heart was exposed for the same length of time as in the experimental group. Cy5. 5-annexin V (25 μg) was injected into both sets of mice after the onset of reperfusion. At 90 min post-injection, the mice were imaged. The region of interest (ROI) was obtained, and the fluorescence intensity of the ROI was quantified. The animals were sacrificed, and myocardial apoptosis was assayed by TUNEL assay. Results Fluorescence intensity in the ischemia/reperfusion hearts was significantly higher than that in the control group (P<0.05). In the TUNEL assay, more apoptotic cells were observed in the experimental group than in the control group, correlating with imaging results. Conclusion Fluorescence imaging of Cy5.5-annexin V in a mouse model of myocardial ischemia/reperfusion can be used in vivo as a noninvasive means of detecting ischemia/reperfusion-induced apoptotic cells in the heart.
Introduction
Cardiomyocyte loss by cell death is dangerous because it causes irreversible damage to adult hearts owing to their very limited regeneration capability [1, 2] . Timely intervention following the exposure of myocardium to cardiotoxic events is critical for managing myocardial disease [3] . A number of animal and human studies have demonstrated that, in addition to necrosis, apoptosis significantly contributes to myocyte loss following ischemia and reperfusion (I/R) of the heart [1, 2, [3] [4] [5] [6] . To define the therapeutic window of cell-death-blocking strategies, detailed information on the time frame of cell death after I/R of the heart is needed. In order to allow the selection of the appropriate interventions, noninvasive tests are required that enable the detection of myocardial damage. One of the earliest events after the triggering of apoptotic cell death is the externalization of phosphatidylserine (PS) to the outer leaflet of the plasma membrane of the cell. Detection of PS exposure can be easily achieved by the phospholipid binding protein annexin V [7, 8] .
A number of in vitro and in vivo studies have demonstrated that annexin V is a specific marker for early and late stages of programmed cell death [8] [9] [10] [11] [12] [13] . Radioisotopelabeled annexin V is suitable for the detection of cell death induced by ischemia and reperfusion injury in the myocardium [14] . Noninvasive optical imaging in small animals is undergoing significant advances due to the development of more sophisticated optical signal-detection devices and fluorophores with greater tissue-penetrating properties [15] . Optical imaging offers higher sensitivity and temporal resolution than nuclear imaging at the same spatial resolution in small animals. Optical imaging combined with a minimum of other techniques such as bioluminescence imaging and fluorescence imaging in the near infrared (NIR) spectrum could offer a signal-to-background ratio for detecting specific molecular signals that equals or exceeds that which can be achieved with other molecular imaging modalities [16] [17] . An optical imaging technique for apoptosis would not only avoid the radiation and the need for frequent radiotracer synthesis but also might enable the visualization of apoptosis intraoperatively [19] .
In the present study, we investigated whether NIRfluorophore-labeled annexin V could image apoptosis induced by acute myocardial ischemia and reperfusion.
Materials and Methods

Material
Annexin V was obtained from BD Biosciences Pharmingen (San Diego, CA, U.S.). Cy5.5-bisfunctional succinimidyl ester was obtained from Amersham Biosciences (Piscataway, NJ, U.S.).
Labeling Annexin V with Cy5.5
Annexin V [1 ml, 30 nmol, 1 mg/ml in phosphate buffered saline (PBS) buffer, pH 7.4] was added to a vial containing 150 nmol of Cy5.5-bisfunctional succinimidyl ester; 500 μl of 0.1 M sodium carbonate/bicarbonate buffer (pH 9.3) was also added to the vial. The reaction pH was 8.5. The vials were vortexed and incubated at room temperature for 30 min. The reaction mixtures were then purified by an Econo-Pac 10 DG column (Bio-Rad, Hercules, CA, U.S.). The conjugated Cy5.5-annexin V was eluted with PBS (pH 7.4) and was collected as a bluish band in the first fraction. The concentration of annexin V (C annexinV ) was determined by a modified Lowry protein assay reagent (Pierce Biotechnology, Rockford, IL, U.S.), and the conjugated Cy5.5 was determined by the absorbance at 675 nm (A 675 ). Both measurements were performed using a Biomate 5 UV/VIS spectrophotometer (ThermoSpectronic, Rochester, NY, U.S.). The final dye/protein (D/P) ratios were calculated using the following formula: D/P0(A 675 /ε cy5.5 )/C annexinV , where the molar coefficient for Cy5.5, ε cy5.5 , was 215,410 mol
, as determined by the absorption measurement of Cy5. were prepared by bath sonication of a dispersion of lipids in 140 mM PBS buffer (pH 7.4). SUVs contained (by molar fraction) 80 % 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 19.9 % 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 0.1 % 1-oleoyl-2-(12-biotiny(aminododecanoyl))-sn-glycero-3-phospho-L-serine (biotin-DOPS) where indicated. SUV binding was monitored by surface plasmon resonance (SPR) spectrometry using a Biacore 3000 (GE Healthcare, USA). A streptavidin (SA) chip (GE Healthcare, USA) was mounted in the instrument, and SUV surfaces were created by capturing the SUVs on the Biacore SA chip at a 5 μL/min flow rate via biotin-streptavidin interactions. SUVs were loaded onto the surfaces until 2,000 response units were achieved. The surfaces were stable and did not decay greatly during the titration.
Experiments were performed at 25°C with a 50 μL/min flow rate. Proteins were diluted with HEPES-P buffer (0.1 M HEPES, 0.15 M NaCl, 0.005 % P20 surfactant), containing 5 mM CaCl 2 . Each surface of the biosensor was then exposed to 50-μL injections of protein solution (association phase) followed by 250 μL of buffer (dissociated phase) via the inject command. Between injections, a 5-μL pulse of 50 mM Tris and 1 M NaCl (pH 8.0) solution was used to regenerate the SUV surfaces. Biacore data were analyzed by a 1:1 model using Biacore evaluation 3.1 software.
Evaluation of Cy5.5-Annexin V in Vitro
A single-cell suspension of thymocytes was prepared by mechanical separation from the thymus of a 6-week-old female BALB/c mouse. Two petri dishes were prepared by adding 2×10 7 thymocytes cells and 15 ml of RPMI 1640 medium (GIBCO, Grand Island, NY, U.S.) with 10 % FBS and 1 % antibiotics (penicillin/streptomycin). Then, 150 μl of 10 −6 M dexamethasone in DMSO was added to the first dish to induce apoptosis, and the other dish was kept as a control. The cultures were incubated overnight at 37°C with 5 % CO 2 . The cells were harvested by centrifugation at 500 g for 8 min, followed by washing twice with PBS buffer. After washing, cells were stained using a mixture of propidium iodine and FITC-annexin V (BD Pharmingen, CA, U.S.). The cell pellets were resuspended in 1 ml of annexin V binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ). Four hundred nanograms of either FITC-annexin V or Cy5.5-annexin V was added into each of the resuspended cell cultures in an Eppendorf vial. In a parallel experiment, cells were incubated with Cy5.5-annexin V. The solutions were incubated at room temperature in the dark for 15 min. Cells were analyzed using FACS Calibur (Flow Cytometry, BD Biosciences, USA). The signal difference between nonapoptotic and apoptotic cells was evaluated by the quotient of the medians of the M1 region of nontreatment cells and the M2 region of treatment cells.
Animal Model
Twenty nude mice were randomly divided into an experimental group (10 mice) and a control group (10 mice). In the experimental group, the mice were anesthetized under ketamine/xylazine (100 mg/kg) and were intubated perorally with a stainless steel tube. The mice were mechanically ventilated with room air. After left thoracotomy and exposure of the heart, the left anterior descending coronary artery (LAD) was ligated with 6-0 polypropylene just proximal to its main branching point. The suture was tied over a 1-mm polyethylene (PE-10) catheter, which was left in place during the planned period of ischemia (30 min). Blood flow was then reestablished (reperfusion) by removal of the tube.
In the control group, the mice were anesthetized and intubated perorally with a stainless steel tube. Left thoracotomy was performed, and the heart was exposed for the same amount of time as in the experimental group.
Animal Imaging
A 25-μg dose of Cy5.5-annexin V was injected into each mouse in the experimental group from the carotid artery at the onset of reperfusion. For the control group, the same dose of Cy5.5-annexin V was injected after left thoracotomy had been performed and the heart had been exposed for 30 min. At 30, 60, 90, and 120 min post-injection, the mice were imaged lying on their backs using the IVIS smallanimal fluorescence-imaging system (Xenogen, Alameda, CA, U.S.) equipped with 150-W tungsten lamps and a cooled CCD camera. A set of bandpass filters customized for Cy5.5 with an excitation of 620-670 nm and emission wavelength of 695-770 nm was used. A mixture of 1 % isoflurane in oxygen was used to anesthetize the mice during imaging. Each mouse was imaged for 20 s. The region of interest (ROI) of the heart and the muscle close to the heart was obtained by manual drawing. The fluorescent intensity of the heart (H) and the muscle (M) were quantified with Living Image® software (Xenogen), and the H/M ratio was calculated for each mouse. The animals were then sacrificed and the hearts were taken out and re-imaged ex vivo. This extensive series of images was obtained to confirm the source of the fluorescence signal detected by in vivo imaging.
Histology
After imaging, the mice were killed using an overdose of ketamine, and the hearts were removed, fixed in Bouin's fixative solution for 8 h, and embedded in paraffin. For the detection of apoptotic nuclei, the myocardium were sectioned at 3 μm and stained using a terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) method according to standard procedures using a commercially available kit (R&D Systems, Minneapolis, MN, U.S.). The number of TUNEL-positive cells in each of the two groups was counted on five randomly selected 100× fields for each section under a light microscope (Carl Zeiss, USA). Two nonconsecutive sections were analyzed per tumor sample.
Statistical Analysis
The unpaired Student'st-test was performed to evaluate the significance of differences in H/M values between the two groups. Correlations between the fluorescence uptakes and the number of TUNEL-positive cells were analyzed. All values are shown as the mean±SD. A two-tailed value of P<0.05 was considered significant.
Results
Binding Affinity of Cy5.5-Annexin V to Membrane-bound PS as measured by SPR
The Kd values of unlabeled annexin V and Cy5.5-annxin V were 1.54×10 -9 and 2.51×10 -9 M, respectively, indicating that after being labeled with Cy5.5, the binding affinity of annexin V to PS did not change significantly when the final D/P ratio was around 2.
Evaluation of Cy5.5-Annexin V in Vitro
The results indicated dexamethasone treated and untreated cells showed two distinct populations of annexin V-stained cells, with the proportion of apoptotic cells increasing with dexamethasone treatment (Fig. 1) . As expected, dexamethasone treatment induced apoptosis and increased the proportion of highly stained cells. Apoptotic cells had a nearinfrared fluorescence (NIRF) that was higher than live cells. Additional double label flow cytometry experiments using FITC-annexin V and Cy5.5-annexin V indicated that both annexins reacted with the same cell population present in the cell culture.
TUNEL Staining
TUNEL stain images are shown in Fig. 2 . The results showed that the number of TUNEL-positive cells in the experimental group was significantly higher than in the control group, 570±76 vs. 215±77 (P<0.005), respectively. This indicates that the histological sections obtained from the experimental group had a higher incidence of apoptotic cells than those obtained from the control group.
Noninvasive Imaging of Myocardial Apoptosis
The images for different ischemia/reperfusion times (I/R) (30/30, 30/60, 30/90, and 30/120 min) were obtained. The results showed that the fluorescence was most intense in the 30/90 group. The results also indicated that myocardial cells in the experimental group had a greater uptake of fluorescence than those in the control group (Figs. 3 and 4) .
Correlations between the fluorescence uptakes and the number of TUNEL-positive cells were analyzed. The TUNELpositive cells correlated well with the fluorescence uptakes of myocardial cells (r00.7925, p<0.001) (Fig. 5) . In all animals examined, ex vivo imaging of the hearts demonstrated that fluorescence intensity in hearts after IR was significantly increased over that in sham operated hearts (Figs. 3, 4) . 
Discussion
The present study demonstrates that near-infrared fluorescence(NIRF)-labeled annexin V provides an alternative method for the detection of cell death in situ in an I/R model of the heart in mice. In our experiments, we found that there were no significant differences in the Kd values for affinity to PS between Cy5.5-annexin V and unlabeled annexin V, indicating that the addition of the Cy5.5 label did not significantly decrease the binding affinity of annexin V to PS. In vivo imaging indicated that the myocardial cells in I/ R mice had a greater uptake of fluorescence than those of the control mice, indicating that the myocardium in I/R mice contained more apoptotic cells than the control mice. These results were in accordance with those found by TUNEL staining. The TUNEL stain indicated that the histological sections obtained from the experimental group had a higher incidence of apoptotic cells than those from the control Ewald and colleagues reported that after 15 min of ischemia followed by 30 min of reperfusion, annexin V-positive cardiomyocytes could already be observed in the reperfusion area (AR). Extending the reperfusion time to 90 min resulted in a marked increase in annexin V-positive cardiomyocytes. Further extension of the ischemic period to 30 min increased the percentage of annexin V-positive cardiomyocytes in the AR to 20.2 % [20] . So, in this study, 30 min ischemia followed by different reperfusion times was used to set up I/R models. The images for the different ischemia/reperfusion times (I/R) (30/30, 30/60, 30/90, and 30/120 min) indicated that fluorescence intensity increased with the duration of reperfusion and reached its peak at an I/R of 30/90 min. This suggests that the number of apoptotic cells was the highest in the mice subjected to 30 min of ischemia and 90 min of reperfusion. This is consistent with the results found by Dumont et al. who saw that the percentage of annexin V-positive cardiomyocytes in the at-risk area peaked in mice subjected to 30 min of ischemia and 90 min of reperfusion (I/R 30/90 mice) [4] .
Apoptosis imaging provides a noninvasive in vivo method for detecting myocardial ischemia/reperfusion injury. Several categories of molecular probes have been applied experimentally and clinically for imaging detection of myocardial cell death [21] [22] [23] [24] , but annexin V is the most extensively used probe for imaging apoptosis in diverse clinical circumstances [25] . Radioisotope-labeled annexin V has been used to detect cell death induced by ischemia and reperfusion injury in the myocardium [21, 22, 26] . However, it has the risk of exposing patients to radiation. NIRF-annexin V had been used for imaging cell death induced by chemotherapy [27] . To our knowledge there is no report on detecting cell death induced by ischemia and reperfusion injury in the myocardium.
Because of the limited ability of fluorophores to penetrate tissue, Cy5.5-annexin V imaging cannot be used on deep tissue. Its applicability to patient management must be investigated. With the progress of more sophisticated optical signal detection devices and fluorophores with greater tissue-penetration properties, this technique might be applicable in human beings before long.
In conclusion, we have demonstrated that Cy5.5-annexin V can noninvasively image injury-induced cardiomyocyte membrane alterations using in vivo fluorescence optical imaging. Near-infrared fluorescence (NIRF) imaging for apoptosis would not only avoid the risks of radiation exposure and the need for frequent radiotracer synthesis but also provide better sensitivity than radioactive imaging. With the recent progress in the fields of optical signal detection devices and fluorophores with greater tissue-penetrating properties, NIRF imaging of tissues lying deep within small or even large animals is now feasible.
